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Abstract: Sum-frequency generation (SFG) vibrational spectroscopy is a second-order nonlinear optical
spectroscopy technique. Owing to its interfacial selectivity, SFG vibrational spectroscopy can provide interfacial
molecular information, such as molecular orientations and order, which can be obtained directly, or molecular
density, which can be acquired indirectly. Interfacial molecular behaviors are considered the basic factors for
determining the tribological properties of surfaces. Therefore, owing to its ability to detect the molecular
behavior in buried interfaces in situ and in real time, SFG vibrational spectroscopy has become one of the most
appealing technologies for characterizing mechanisms at friction interfaces. This paper briefly introduces
the development of SFG vibrational spectroscopy and the essential theoretical background, focusing on its
application in friction and lubrication interfaces, including film-based, complex oil-based, and water-based
lubricating systems. Real-time detection using SFG promotes the nondestructive investigation of molecular
structures of friction interfaces in situ with submonolayer interface sensitivity, enabling the investigation of
friction mechanisms. This review provides guidance on using SFG to conduct friction analysis, thereby widening
the applicability of SFG vibrational spectroscopy.
Keywords: SFG vibrational spectroscopy; film-based lubricating systems; complex oil-based lubricating systems;
water-based lubricating systems

1

Introduction

Sum-frequency generation (SFG) vibrational spectroscopy is an interface spectroscopy technique based
on the second-order nonlinear optical effect principle.
Under an electric field caused by a weak light beam,
the polarization (P) of the material can be identified as
 
a function of the optical input field, i.e., P  0  (1) E ,

where  0 is the vacuum permittivity,  (1) is the first
order linear polarizability, and E is the intensity of
the corresponding electric field [1, 2]. The first ruby
laser developed in 1960 enabled the development and
growth of SFG vibrational spectroscopy. Thereafter,

the application of this spectroscopic technique has
expanded significantly in various fields.
In 1961, Franken et al. [3] irradiated a quartz crystal
with a 694.2 nm laser light and observed two beams
in the exit region: One with a wavelength of 694.2 nm
and the other 347.1 nm. This was the first experiment
in which a light source of wavelength  produced a
beam of wavelength 2 ; this phenomenon is known
as second-harmonic generation (SHG). The discovery
of SHG signaled the birth of nonlinear optics. Such
studies laid the theoretical foundation for SHG and
SFG [4]. In 1987, SFG vibrational spectroscopy of
organic molecules adsorbed onto a substrate was first
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reported by Hunt et al. [5, 6] at the University of
California, Berkeley, USA. This was the foremost study
pertaining to SFG vibrational spectroscopy applied to a
gas–solid interface. The outcomes of the aforementioned
studies resulted in the merits of SFG gradually
surpassing those of SHG for surface studies, with the
introduction of mid-infrared (IR) beams to excite a
monolayer of molecules and the detection of vibrationalresonance-enhanced SFG signals. This initiated the
application of SFG vibrational spectroscopy in the fields
of surfaces and interfaces. Thereafter, the application
of this spectroscopic technique has extended from
gas–solid interfaces to various solid–solid interfaces,
laying the foundation for in situ and real-time detection
of the molecular characteristics of friction interfaces.
In 1993, Du et al. [7] first measured the SFG spectrum
of a pure water surface under SSP (the polarization
directions of the SFG, visible (VIS), and IR beams).
Because the hydrogen-bond structure of water surfaces
is complex, many problems related to hydrogen
bonds remain to be solved. Based on Ref. [7], several
researchers have successively conducted SFG studies
regarding pure water surfaces [8–16]. In 1994, Du et
al. [17] studied the SFG spectra of the quartz-water
interface at different pH values. Subsequently, the SFG
vibrational spectroscopy of the quartz-water interface
was extensively investigated [18–20]. Water is a natural
(and environment-friendly) biological lubricant with
a large heat storage capacity exceeding those of
artificial oil lubricants [21]. Owing to the development
of SFG vibrational spectroscopy, various hydrophilic
and hydrophobic solid–liquid interfaces have been
investigated [22–25]. The first study regarding a
film-based friction interface using SFG vibrational
spectroscopy was conducted in 1995 [26]. In 2009,
Nanjundiah et al. [27] used SFG vibrational spectroscopy to prove that an uneven water layer exists in a
nanoscale space where two friction pairs are in contact
during water lubrication. In 2016, a complex oil-based
friction interface was studied using SFG vibrational
spectroscopy [28]. More frictional interfaces are expected
to be analyzed using SFG vibrational spectroscopy in
the future.
Friction is primarily a behavioral characteristic of
a surface or interface. SFG vibrational spectroscopy is
used to detect the microscopic characteristics of an

interface in real time. Information regarding the
molecular density, orientation, conformation of the
surface, and interface molecules can be obtained directly
or indirectly from the polarization, frequency, and
signal intensity of SFG spectra. Furthermore, SFG
vibrational spectroscopy can be used to monitor the
dynamic processes of a system in real time [29]. Over
the past few decades, this technique has become
fundamental for determining the molecular behavior
at friction interfaces and has facilitated the understanding
of the interfacial mechanism of lubrication. This review
briefly introduces the basic theory pertaining to this
technique and then summarizes the contributions of
SFG vibrational spectroscopy to friction studies.

2

Theory

SFG is a coherent second-order nonlinear optical
process. An SFG beam with a frequency of SFG is
generated in a direction determined based on the
phase-matching condition when an IR beam with a
tunable frequency IR and a visible beam with a
constant frequency VIS are simultaneously incident
at an interface and overlap in space and time. The
frequencies must satisfy the following equation:
SFG  IR  VIS . In an SFG experiment, the frequency
of the IR beam is continuously and automatically
adjusted within the required range. When the frequency
of the IR beam reaches the vibrational frequency of the
molecules at the surface or interface, the corresponding SFG signal undergoes resonance enhancement.
Consequently, the vibrational peaks of molecular
groups become evident in the SFG spectra [2, 30].
Interface selectivity is the most prominent feature
of SFG vibrational spectroscopy. The bulk material
with central symmetric molecules does not contribute to the SFG signal owing to the formation of a
centrosymmetric structure. Because the forces arising
from the two different phases of interfacial molecules
differ, the interfacial molecules lose their central
symmetry and therefore contribute to the SFG signal
[31, 32]. The interfacial selectivity of SFG is derived
from the interfacial selectivity of the effective secondorder nonlinear polarizability  ( 2). For centrosymmetric
media,  ( 2)  0 ; hence, such media cannot generate
SFG signals. For interfaces between different media,
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the central symmetry is broken, i.e.,  ( 2)  0 , which
produces SFG signals. This is also the origin of the
interfacial selectivity of SFG [30].
SFG comprises two main experimental configurations.
When visible and IR beams approach from opposite
sides, the beams are considered to have counterpropagating geometry, as illustrated in Fig. 1(a). When
both beams approach the interface from the same side,
the beams are considered to have a co-propagating
geometry. Figure 1(b) illustrates the noncollinear case
of this geometry. In addition, a special case of collinear
geometry arises when the two pump beams have
the same angle of incidence [33]. The co-propagating
geometry is widely used because it can prevent interference in the surface layer signal caused by the uneven
local distribution of the medium. The corresponding
change in the molecular vibrational energy levels is
shown in Fig. 1(c). This can be interpreted as a continuous process of IR absorption and anti-Stokes
Raman scattering [1, 2, 34, 35].
In the co-propagating geometry, the SFG intensity
reflected from a surface can be expressed as shown
in Eq. (1) [2]:
I (SFG ) 

2
8π 3SFG
sec 2  SFG
2 2
|  eff
| I IR I VIS (1)
c 3 n1 SFG  n1 VIS  n1 IR 

where  SFG is the reflection of the SFG beam with
respect to the interface normal, sec  SFG is the secant
of angle of  SFG and n1 (i ) (i = IR, VIS, and SFG)
denotes the refractive indices of the three beams in
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medium 1. In a system,

2
8π 3SFG
sec 2  SFG

c 3 n1 (SFG )n1 (VIS )n1 (IR )

is a

constant; I IR and I VIS are the intensities of the IR and
( 2)
visible input beams, respectively;  eff
is the effective
second-order nonlinear susceptibility. When the
frequency of the IR beam is equal to the vibrational
( 2)
frequency of the surface molecules,  eff
can be written
as shown in Eq. (2) [2, 30, 36, 37]:
( 2)
( 2)
 eff
  NR

q

Aq

IR  q  i q

(2)

( 2)
where  NR
is the nonresonant signal of the sample;
A q , q , and  q are the amplitude, frequency, and
line width of resonance q, respectively. Equation (2)
can be used to fit the experimental spectra. The exact
values of A q , q , and  q can be obtained via fitting
to quantitatively compare the vibrational intensities
of different functional groups.
At an isotropic interface, only seven nonzero components of the second-order nonlinear polarizability
( 2)
( 2)
(2)
( 2)
( 2)
( 2)
( 2)
( 2)
exist:  ijk
,  xxz
  yyz
,  xzx
  yzy
,  zxx
  zyy
, and  zzz
[2, 35, 38]. Only four combinations of input and
output beams in all polarizations can be used to
measure the sum-frequency signal, which is determined by the nonzero second-order nonlinear optical
susceptibility at an isotropic interface. These four
combinations are SSP, SPS, PSS, and PPP, as shown in
Eqs. (3)–(6). In the combinations, P means that the
polarization direction of the photoelectric field is

Fig. 1 (a) Co-propagating geometry for SFG at an interface, (b) counter-propagating geometry for SFG at an interface, (c) SFG energy
level diagram, and (d) molecular orientation of C–CH3 group.
www.Springer.com/journal/40544 | Friction
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perpendicular to the incident light in the incident
plane, and S indicates that the polarization direction
of the photoelectric field is perpendicular to the incident
plane. The three letters in the combinations represent
the polarization directions of the SFG, VIS, and IR
beams, respectively [2, 30, 35].
(2)
( 2)
 eff
,ssp  Lyy (SFG ) Lyy (VIS ) Lzz (IR )sin  IR  yyz

(3)

(2)
(2)
 eff
,sps  Lyy (SFG ) Lzz (VIS ) Lyy (IR ) sin  VIS  yzy

(4)

( 2)
( 2)
 eff
,pss  Lzz (SFG ) Lyy (VIS ) Lyy (IR ) sin  SFG  zyy

(5)

( 2)
 eff
,ppp 
( 2)
 Lxx (SFG ) Lxx (VIS ) Lzz (IR ) cos  SFG cos  VIS sin  IR  xxz
( 2)
 Lxx (SFG ) Lzz (VIS ) Lxx (IR ) cos  SFG sin  VIS cos  IR  xzx
( 2)
 Lzz (SFG ) Lxx (VIS ) Lxx (IR ) sin  SFG cos  VIS cos  IR  zxx
(2)
 Lzz (SFG ) Lzz (VIS ) Lzz (IR ) sin  SFG sin  VIS sin  IR  zzz

(6)
where L(i ) is the corresponding Fresnel coefficient;
it is used to correct the photoelectric field because
the original intensities of the incident and outgoing
beams are not consistent with the intensities of the
beams in the surface region.
Nonlinear susceptibility is not a simple sum of
the hyperpolarizability of all molecules. The overall
susceptibility of an interface is the sum of all molecular
hyperpolarizabilities projected onto a specific coordinate
system considering molecular orientations. The hyperpolarizability  i(' 2)
of each molecule is typically
j ' k'
defined in molecular coordinates (a, b, c). The effect
of the hyperpolarizability of the local field can be
attributed to the interfacial refractive index. The
 ijk( 2) of a material is the ensemble average of the
hyperpolarizability of each molecule that is projected
onto the lab frame multiplied by the number density
of molecules. This can be written as shown in Eq. (7)
[2, 30]:

 ijk(2)  N s



ijk  xyz

 R ii R jj R kk    i(j2)k 

( i j k   a , b , c ) (7)

where N s is the number of molecules with a secondorder nonlinear response on the surface. The angled
brackets denote the ensemble averages. R is the matrix
for transformation from the molecular coordinate
system ( a , b , c ) to the laboratory coordinate system

( x , y , z ) and can reflect the molecular orientation
information of the interface. The methyl group is
presented as an example because it is the most typical
functional group in SFG spectra. A schematic diagram
of the molecular orientation is shown in Fig. 1(d),
which includes three components. The first is the tilt
angle  between the group principal axis and the
interface normal, whose value range is ( 0,π ); the
second is the rotation angle Ψ around the normal
direction of the interface, whose value range is ( 0, 2π );
the final is the twist angle  of the molecular principal
axis, whose value range is ( 0, 2π ) [2, 35]. Changes in
the molecular orientation at the friction interface are
among the most significant molecular behaviors that
can be directly correlated with the tribological properties of a material.

3

SFG vibrational spectroscopy for investigating friction interfaces

SFG vibrational spectroscopy is an effective technique
for investigating buried interfaces. This technique has
been used in numerous studies pertaining to buried
interfaces, including liquid–solid [39–44] and solid–solid
interfaces [44–50]. Friction is a typical interface behavior.
Because SFG vibrational spectroscopy can detect
friction-induced changes in the interface molecular
behavior in real time and in situ, the molecular
regulatory mechanisms of different lubricating systems
can be determined. We can improve the lubrication
effects of lubricating systems by adjusting the molecular
structure in these systems. Herein, the applications
of SFG vibrational spectroscopy in friction interfaces
are reviewed. They include the molecular behavior of
lubrication interfaces in film-based, complex oil-based,
and water-based lubricating systems. The corresponding experimental configurations are shown in Fig. 2.
Excellent results were obtained and are described
below.
3.1

Friction interface behaviors in film-based
lubricating system investigated via SFG
vibrational spectroscopy

In 1920, Hardy [51] introduced the concept of “boundary
lubrication”, in which a monolayer can reduce the
coefficient of solid–solid sliding friction by an order
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Fig. 2 Experimental configurations of SFG vibrational spectroscopy in different lubricating systems. (a) Film-based lubricating system
(where I denotes patches of organic film transferred to counterface in friction, II denotes orientation changes of interface molecules in
friction, and III denotes disorder of interfacial molecules in friction); (b) complex oil-based lubricating system (I denotes interaction
between base oil and friction modifier molecules and II denotes interaction between different friction modifier molecules); and (c) waterbased lubricating system (I represents the lubrication effect of the water layer and II represents the effect of ions on water lubrication).

of magnitude. Ultrathin organic films represent filmbased lubricating systems [52, 53]. Although the
friction-reducing properties of organic films are well
known, the molecular basis for boundary lubrication
remains poorly understood, preventing the design of
effective boundary lubricating films [54]. In addition,
because contact and stress are the basis and premise
of friction, investigations regarding changes in interface
molecules during contact and stress are important for
designing effective boundary lubrication films. SFG
vibrational spectroscopy has been used to investigate
molecular changes in organic films under contact and
stress [55, 56]. The principal effect of contact and stress
is a considerable loss of the resonant SFG signal, i.e., the
state of molecules at the interface changes significantly
under contact and stress. Possible explanations for the
loss of the SFG signal can be summarized into three
points, as shown in Fig. 2(a).
The patches of organic film transferred to the
counterface may contribute the decrease in the SFG
signal level. Many studies support this conclusion, as
shown in Fig. 3. In this case, the SFG signal cannot be
fully recovered after the stress is released. The results
of compression experiments on ultrathin organic films
have been used to formulate models for understanding

lubrication [57]. In 1998, Fraenkel et al. [52] investigated
an Langmuir–Blodgett monolayer in contact with a
quartz lens using SFG vibrational spectroscopy. It was
speculated that the reduction in the SFG intensity after
the release of stress may be due to the transfer of
ordered patches of the organic film to the counterface.
Based on the aforementioned study, Beattie et al. [58, 59]
conducted an in-depth study regarding a monolayer
at the interface between a sapphire prism and a fused
silica lens. The results shown in Fig. 3(a) support the
results of Ref. [52]. Furthermore, Beattie et al. [59]
further confirmed that organic film patch transfer is a
real phenomenon, of which the sketches are shown in
Fig. 3(b). It is speculated that the transfer of monolayer
patches to the counterface in contact is a viscoelastic
process, owing to the incomplete recovery of the SFG
signal upon shock unloading [60]. The self-assembled
monolayer was compressed by laser-driven shock
waves. The response to shock loading and unloading
was monitored using SFG vibrational spectroscopy,
as shown in Fig. 3(c). This viscoelastic process is
irreversible and causes an increase in friction.
Self-assembled monolayer (SAM) molecules in the
order of 10%–20% undergo a viscoelastic process [60].
Researchers believe that SFG signal loss in elastic
www.Springer.com/journal/40544 | Friction
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Fig. 3 Analysis of contact and stress-induced transfer of organic film patches using SFG vibrational spectroscopy. Reproduced with
permission from Ref. [59], © American Chemical Society 2006; Ref. [60], © American Chemical Society 2005. (a) Incomplete recovery
of SFG signal after stress release; (b) confirmation of organic film patch transfer; and (c) patches related to monolayer transferred to
counterface during viscoelastic process.

processes indicates intermolecular order loss. Therefore,
changes in molecular orientation caused by friction
may be the second reason for the decrease in the
SFG signal level. The corresponding experimental
configuration is shown in Fig. 4(a). In some cases,
orientation changes occur at the terminal group of
the molecule under the action of stress [26, 51, 61, 62].
Based on a hydrocarbon chain with a methyl group
(which is the terminal group in this example), the
loss of methyl resonances in the SFG spectra under
stress is not accompanied by the vibrational
characteristics of methylene groups. This suggests that
orientation changes only occur at the terminal group
of the molecule [51]. This differs from the disorder
typically observed in SFG spectra [63, 64]. Orientation
changes occurring at the terminal group of the molecule
are reversed after the release of stress, as shown in

Fig. 4(b). This effectively reduces the friction damage.
In addition, the local molecular interpenetration
from two friction pairs during the friction process is
another reason contributing to changes in molecular
orientation, as shown in Fig. 4(c). The molecular
orientation angle can be obtained by combining the
second-order nonlinear polarizability, which is written
as a functional formula of the orientation angles
obtained through an Eulerian coordinate transformation,
using experimental data. Furthermore, the local
molecular interpenetration can be reversed when
stress is released. However, the molecular orientation
caused by local molecular interpenetration at the
interface significantly increases the friction coefficient,
as demonstrated by Yurdumakan et al. [65, 66].
As mentioned above, the patches of organic film
transferred to the counterface and changes in molecular
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Fig. 4 Analysis of contact-and-stress-induced molecular orientation changes at interface via SFG vibrational spectroscopy. Reproduced
with permission from Ref. [51], © American Chemical Society 2003; Ref. [65], © American Chemical Society 2007. (a) Corresponding
experimental configuration; (b) orientation change in terminal group of molecule; and (c) change in molecular orientation due to
interpenetration.

orientation, which caused by friction, are two important
reasons for the decreasing of SFG signal level.
In addition, friction causes disordered interfacial
molecules. which may be the third reason for the
decrease in the SFG signal level. The corresponding
experimental configuration is illustrated in Fig. 5(a).
Such a significant structural change would result in
the appearance of a large number of molecules with
gauche defects at the interface. For a hydrocarbon
chain with a methyl group, the ratio of the peak
intensities of methylene and methyl can be used to
describe the accumulation of gauche defects in the
films, considering the correlation between methylene
stretching and the conformation of the hydrocarbyl
chain [67, 68]. However, the mechanism of recovery
of the SFG signal after the force is released remains
unclear. When the stress is constant, the resulting molecular defects can self-heal after the force is released;
this can be proved by the similar SFG spectra of the
sample before and after contact, as shown in Fig. 5(b).
Moreover, this can account for the considerable
resistance of the SAM toward mechanical stress [68].
However, the SFG signal can only be recovered
partially after the release of stress when the sliding

process is accompanied by a variable force, as shown
in Fig. 5(c). This indicates that gauche defects caused
by a variable force are irreversible [69].
Based on the results of the aforementioned studies
pertaining to film-based lubricating systems using
SFG vibrational spectroscopy, changes in interface
molecular behavior caused by friction can be classified
into three categories. The first type of change arises
as patches of film are transferred to the counterface;
this can be proved by the incomplete recovery of the
SFG signal after the release of stress. The transferred
patches of film destroys part of the organic film,
resulting in increased friction. In addition, friction
results in a change in the interface molecular inclination.
This change cannot be determined directly from the
spectra. Information regarding the interface molecular
orientation can be obtained by connecting the molecular
coordinate system with the laboratory coordinate
system through the Euler matrix. The last type of
change is the increase in the number of molecules
with gauche defects; this can be proven from the
ratios of peak intensity for different groups in the
SFG spectra. Defects caused by a constant stress can
generally self-heal after the release of stress, unlike
www.Springer.com/journal/40544 | Friction
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Fig. 5 Analysis of stress-induced molecular ordering changes at an interface via SFG vibrational spectroscopy. Reproduced with permission
from Ref. [68], © American Chemical Society 2014; Ref. [69], © American Chemical Society 2014. (a) Corresponding experimental
configuration; (b) self-healing mechanism of defects induced by stress; and (c) non-healing of defects induced by variable force.

defects caused by a varying stress. Monitoring the
molecular behavior using SFG improves the analysis
of lubrication mechanisms.
3.2

Friction interface behaviors in complex oil-based
lubricating systems investigated via SFG
vibrational spectroscopy

Compared with those based on pure base oil, complex
oil-based lubricating systems are used more widely.
The addition of certain compounds to the base oil can
effectively reduce friction and wear. These compounds
are known as friction modifiers [70, 71]. The reduction
in friction and wear is attributable to two aspects at
the molecular level: the interaction between the base
oil and friction modifier molecules, and the interaction
between different modifier molecules. These interactions
are shown in Fig. 2(b). The changes in interface
molecular behavior during the friction process can be
analyzed via SFG vibrational spectroscopy.
The interaction between the base oil and friction

modifier molecules can reduce the friction coefficient
in the sliding processes [28, 72, 73]. The experimental
configuration is shown in Fig. 6(a). Such interactions
exhibit different forms under static and dynamic
conditions, as shown in Fig. 6(b). Under static conditions,
the base oil molecules on the friction modifier
adsorption film form an all-trans structure without
gauche defects; this can be proven by the disappearance
of the features of methylene in the SFG spectra. This
disappearance occurs owing to the interaction between
the terminal groups of the base oil and friction
modifier molecules, resulting in the formation of
an interdigitated structure. In addition, it has been
discovered that different characteristic peaks appeared
in the SFG spectra under different sliding directions,
signifying that the friction modifier caused the base
oil molecules to be oriented along the sliding direction
under dynamic conditions. Consequently, the friction
coefficient in the sliding process reduced. The molecular
structure of the friction modifier is an important factor
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affecting the interaction between the friction modifier
and base oil. It affects the friction coefficient [74–76],
as shown in Fig. 6(c). Fatty acids such as stearic
acid, elaidic acid, and oleic acid are typical oiliness
additives that have been widely used as friction
modifiers [77–80]. The presence of double bonds in
the alkyl chains generates many gauche defects,
producing a special conformation that breaks the local
symmetry of the alkyl chain. Such conformations
increase the friction coefficient compared with that
of a carbon chain structure without double bonds. In
addition, the position of the double bond in the carbon
chain affects the number of molecules with gauche
defects. However, the position of the double bond
does not significantly affect the friction coefficient. The
tilt angle of the friction modifier molecule in the
adsorbed film is another important factor affecting
the interaction between the friction modifier and base
lubricant. This was corroborated by Watanabe et al.
[81] through a combination of SFG vibrational

187
spectroscopy and macroscopic friction experiments.
The larger the tilt angle of the friction modifier
molecule, the lower is the friction coefficient, as shown
in Fig. 6(d).
In addition to the interaction between the friction
modifier and base oil molecules, when two or more
friction modifiers are added to the base oil, the
molecules of the different friction modifiers interact
with each other, thereby changing the friction and
wear, as shown in Fig. 7(a). Casford et al. [82] discovered
from SFG spectra that when a lubricant contains
two modifiers, its adsorption film structure differs
significantly from that of a lubricant containing only
one modifier, as shown in Fig. 7(b). An in-depth study
was conducted on this basis, as shown in Fig. 7(c) [83].
Co-operative behavior was observed between different
friction modifier molecules. Such behavior can change
the molecular configuration of the interface, thereby
effectively reducing the friction coefficient. This can
be proven by the change in the intensities of methyl

Fig. 6 Analysis of interfacial structures regulated by interaction between base oil and friction modifier molecules using SFG vibrational
spectroscopy. Reproduced with permission from Ref. [28], ©American Chemical Society 2016; Ref. [74], © Springer Science Business
Media New York 2016; Ref. [81], © American Chemical Society 2014. (a) Experimental configuration; (b) effect of friction modifier
under static and dynamic conditions; (c) effect of friction modifier’s molecular structure; and (d) effect of tilt angle of friction modifier
molecule.
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Fig. 7 Analysis of interfacial structures regulated by interaction between different friction modifier molecules via SFG vibrational
spectroscopy. Reproduced with permission from Ref. [82], © The Author(s) 2016; Ref. [83], © The Author(s) 2020. (a) Experimental
configuration; (b) different interface structures of single and mixed modifier systems at the interface; and (c) formation of mixed
modifier complex at the interface.

and methylene peaks in the SFG spectra. Notably,
the friction coefficient of the mixed friction modifiers
decreases faster than that of a single friction modifier
as the temperature increases, owing to the co-operative
behavior. Another postulation is that different friction
modifiers in the complex oil-base lubricating system
may form a mixed modifier complex at the interface.
The formation of the mixed additive complex at the
interface can reduce the temperature at which the
maximum ordered adsorption of the single friction
modifier occurs. Because the maximum ordered
adsorption of the friction modifier can significantly
reduce the friction coefficient, when the maximum
effective adsorption temperature of the single friction
modifier is high, the formation of the mixed additive
complex facilitates the reduction in friction and wear.
In summary, the friction and wear in complex oilbased lubricating systems are lower than those in
pure oil-base lubricating systems owing to the different

interfacial molecular structures, which can be monitored
via SFG vibrational spectroscopy. Two reasons for
this phenomenon are as follows. First, the interaction
between friction modifier and base oil molecules enables
the base oil molecules to form an all-trans structure
without gauche defects under static conditions. This
can be proven by the disappearance of group peaks
with local symmetry in the spectra. Furthermore, the
presence of a friction modifier can cause the base oil
molecules to change their molecular orientation along
the sliding direction. This can reduce friction and wear
during sliding. In addition, different modifier molecules
in the complex oil-base lubricating system exhibit
cooperative behavior. This can significantly reduce
the friction coefficient by changing the molecular
structure of the interface and by rendering the
temperature of maximum ordered adsorption for a
mixed friction modifier lower than that for a single
friction modifier. This can be proven by the changes
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in the intensities of methyl and methylene peaks in
the SFG spectra.
3.3

Friction interface behaviors in water-based
lubricating system investigated via SFG
vibrational spectroscopy

Water has been used as a biological lubricant, and its
environmental friendliness renders it superior to
artificial oil lubricants [84]. SFG vibrational spectroscopy
can be used to reflect the uniformity and stability of
water layers in the friction process through changes
in the state of water at the interface. Moreover, SFG
vibrational spectroscopy can be used to predict the
effect of adding ions on friction, as shown in Fig. 2(c).
Typically, the SFG intensity spectrum of water exhibits
three characteristic bands centered at 3,200, 3,400,
and 3,550 cm–1. The molecular interpretation of these
peaks is debatable. However, based on the more
typically accepted interpretation, the bands at 3,200
and 3,400 cm–1 can be attributed to strongly bonded
and more loosely bonded DDAA molecules, respectively. The band at 3,550 cm–1 is assigned to the
donor-bonded OH stretches of three-coordinate DDA
and DAA water molecules. Here, D and A denote the
donor and acceptor hydrogen bonds, respectively,
with which a water molecule connects to its nearest
neighbors [85]. It is noteworthy that the strongly
bonded water molecules, which are typically known
as “ice-like” water molecules, are not easily squeezed
out by pressure during friction. However, the more
loosely bonded water molecules, which are known as
“liquid-like” water molecules, are easily squeezed
out during friction [27, 86–90].
Studies have shown that liquids confined in nanospaces exhibit properties that are different from those
of bulk liquids, owing to liquid structuring induced
by the restricted molecular motion of liquids in
nanospaces and by the interactions of liquids with
solid surfaces [91]. When two friction pairs are rubbed
in pure water, the existence of water at the friction
interface can be proven by the appearance of peaks in
the OH stretching region of the SFG spectrum. The
friction coefficient in such cases may be lower or
higher than that of dry friction; nonetheless, it cannot
be lower than that of oil lubricants [27]. It has been
proven that water at the frictional interface cannot
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easily form a uniform and stable water layer, resulting
in its relatively high friction coefficient [27, 89]. The
corresponding model is shown in Fig. 8(a). To obtain
a uniform and stable water layer at the interface,
which will not be forced out of the interface during
friction, it is necessary to regulate the structure of
the interface water must be regulated. Real-time SFG
vibrational spectroscopy analysis can be extremely
helpful in this context.
Two effective methods can be used to obtain a
uniform and stable water layer in the friction process.
The first is to enhance the surface hydrogen bonding
environment; this can be achieved by increasing the
content of surface hydroxyl through special treatments
such as thermal [92–94] or plasma treatment [87,
95–97]. The intensity of the peak at 3,200 cm−1 in the
SFG spectra corresponding to the interface hydroxyl
of the treated friction pair can be enhanced significantly
compared with that before treatment. An increase
in the proportion of ice-like water will increase the
thickness of the water layer at the interface and its
bearing capacity, thereby reducing friction and wear
[87], as shown in Fig. 8(b). In addition, Noguchi et al.
[90] discovered that the higher the pressure, the lower
was the intensity of the ice-like water peak and the
stronger was the liquid-like water peak in SFG
spectra. Hence, the water layer can be extruded from
the frictional interface more easily. Another method
is to control the characteristics of the electrostatic
force to improve the bearing capacity of the water
layer in the friction process. This can be achieved by
changing the surface charge [98, 99], which can be
controlled using specific methods such as adding a
surfactant to the water [86, 100] and modifying the
surface of the friction pair [90]. In such cases, a
significant amount of ice-like water appears at the
friction interface, and relevant studies have shown
that a highly coordinated ice-like water layer between
two surfactant-covered surfaces can withstand confinement pressures and reduce sliding friction, as
shown in Fig. 8(c) [86, 90].
Since ions are widespread in nature and particularly
in biological systems, they should be considered
when water is used as a lubricant for friction.
Our previous studies demonstrated that salt ions
can regulate the lubrication characteristics of water
[101, 102]. Hofmeister, or “specific ion’’ effects have
www.Springer.com/journal/40544 | Friction
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Fig. 8 Lubrication effect of water layer using SFG vibrational spectroscopy. Reproduced with permission from Ref. [27], © American
Institute of Physics 2009; Ref. [86], © The Authors 2016; Ref. [87], © American Chemical Society 2013; Ref. [89], © American
Chemical Society 2018; Ref. [90], the PCCP Owner Societies 2008. (a) Existence of water layer between two friction pairs proven by
appearance of OH stretching region in SFG spectra; (b) effect of surface hydrogen bonding environment; and (c) characteristics of
electrostatic force controlled by the surface charge.

been with us for 150 years, as shown in Fig. 9(a) [103,
104]. The ions on the left can form a stable hydrogen
bond network structure with the surrounding water
molecules, and these ions are known as “kosmotropes”.
The ions on the right are weak in binding to water
molecules and break the original hydrogen bond
network in the water; these ions are known as
“chaotropes”. As a typical ion effect, the Hofmeister
series has been discovered in many systems that
use SFG vibrational spectroscopy [105–109]. For
kosmotropic anions, Marcus [110] observed a linear
correlation between the degree of dehydration
difficulty and the hydration Gibbs free energy of the
anions. This indicates that the effect of ions may be

correlated with the hydration Gibbs free energy of
the ions [111]. In terms of the form of influence on
friction, ionic effects can be classified into two types,
i.e., perturbation to the hydrogen bond environment
and effect on molecular chains.
For substrates without surface modifications, this
ion effect is manifested as a disruption in the hydrogen
bond environment of the original system and the
formation of a new hydrogen bond environment, as
shown in Fig. 9(b). Ions primarily disturb the original
hydrogen bond environment by screening the surface
charges. Based on a negatively charged surface as
an example, cations behave as counterions and are
expected to be closer to the interface than anions.
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Compared with monovalent cations, divalent cations
produce a more oriented interfacial solvent. This is
accomplished by charging the interface to yield a
longer SFG-active region. The addition of divalent
cations can not only destroy the original hydrogen
bond network by screening the interface charge, but
also actively rearrange the interfacial hydrogen bonding
network at the negatively charged interface [112].
The SFG signal of the interfacial water with divalent
cations in the OH region is stronger than that of
a monovalent cation, signifying that the ability of
cations to form a new hydrogen bond environment is
affected by the valence state. In addition, Tuladhar
et al. [108] discovered that the degree of perturbation
of ions in the interfacial hydrogen bond environment
is affected by the size of the ions.
For surfaces with organic films, the effect of ions
on the molecular chain in the film must be considered
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in the friction process. Some studies have shown that
the addition of monovalent cations does not change
the conformation of the molecular chain of the
modified film. Instead, the direction of the interfacial
water molecules changes owing to the screening effect
of charges, which can be directly reflected by the
phase change in SFG spectra [113]. The addition of
divalent cations removes the SFG signal component
of the interface water molecules, suggesting that the
interfacial hydrogen bond environment is completely
destroyed. It is believed that a divalent cation can
interact with two intrachain or interchain charges
and form a jointing point [113, 114]. However, such
polymer–ion complex models are not suitable for all
systems. Feng et al. [115] highlighted that the addition
of divalent cations can cause the head groups and
terminal groups of the molecular chains to reorient,
resulting in more orderly main chains of the molecules.

Fig. 9 Effect of ions on water lubrication analyzed via SFG vibrational spectroscopy. Reproduced with permission from Ref. [108],
© American Chemical Society 2018; Ref. [112], © American Chemical Society 2019; Ref. [113], © American Chemical Society 2013;
Ref. [115], © Biophysical Society 2017. (a) Schematic diagram of Hofmeister series and different properties of kosmotropes and
chaotropes in aqueous solution; (b) perturbation to interfacial hydrogen bond environment by ions; and (c) effect of ions on
molecular chains.
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Two different polymer–ion complex models are shown
in Fig. 9(c). Notably, the bonding ratio between the
bare ions and the interface charged functional groups
is closely related to the valence state of the ion.
This binding ratio is plausible in terms of charge
neutralization [116]. The interaction between such
adsorption ions (K+, Na+, Ca2+, Mg2+, and La3+) and the
head groups has been demonstrated to induce a
blue shift in the peak of the adsorbed groups in SFG
spectra [117–120]. The analysis of ion effects using
SFG vibrational spectroscopy will be beneficial for
determining the mechanism of water lubrication.
Based on the analysis above, the two characteristic
peaks in the OH range of the SFG spectra at 3,200
and 3,400 cm−1 were used to characterize the state of
the interfacial water. These two peaks corresponded
to the ice-like and liquid-like water, respectively. A
water layer that primarily comprises primarily ice-like
water cannot be squeezed out easily during friction
and can provide satisfactory lubrication; by contrast,
liquid-like water is easily extruded. Two methods
can be used to enhance the uniformity and stability of
the water layer in the friction process: enhancing the
hydrogen bonding environment of the friction interface;
and controlling the characteristics of the electrostatic
force between two friction pairs, which can be
monitored via SFG vibrational spectroscopy. In addition,
the effect of ions on the interfacial hydrogen bond
environment [43, 108–110, 114, 115, 120–123] and the
molecular chains at the interface [113, 114] were
discovered to be related to friction and wear, based on
changes in the corresponding water peaks, the order
degree of the molecular chain, and the orientation
angle of the group, as reflected in the SFG spectra.
Hence, SFG-based analysis can be beneficial for
investigating the regulation of water lubrication
using ions.

4

Conclusions

SFG vibrational spectroscopy has become a widely
useful optical tool for the analysis of buried interfaces,
particularly for different friction interfaces. The
advantages of SFG vibrational spectroscopy have
been demonstrated through the achievements of many
research groups worldwide. Herein, the application

of SFG in investigating three different lubricating
systems was reviewed: (1) For a film-based lubricating
system, the interface molecular behavior changes caused
by friction can be classified into three categories through
SFG analysis, including the transfer of film patches
to the counterface, change in interface molecular
inclination, and increase in the number of molecules
with gauche defects. The molecular information
extracted from SFG spectra including the degree of
SFG signal recovery after the release of stress, changes
in the molecular chain tilt angle, and molecular chain
order degree can reveal the lubrication mechanism.
(2) For a complex oil-based lubricating system, the
addition of a friction modifier can significantly reduce
the friction coefficient owing to the interaction between
the base oil and friction modifier molecules as well
as the interaction between different friction modifier
molecules. The interaction between the different
components in the complex oil-based lubricating
system was proven by the change in SFG signal
intensities in contrasting experiments. This can reveal
the lubrication mechanism of complex oil-based
lubricating systems. (3) For a water-based lubricating
system, interfacial hydrogen bonding is clearly reflected
in SFG spectra. The stronger the intensity of the
ice-like water peak in an SFG spectrum, the stronger
is the hydrogen bond network of water molecules;
consequently, the harder it is to squeeze water
molecules out of nanospaces during the sliding process,
hence a reduction in friction. Moreover, the addition of
ions changed the interface hydrogen bond environment
and the stability of the modified film. Therefore, the
effect of ions on water friction can be predicted based
on the changes in the strong and weak hydrogen bond
peaks in SFG spectra before and after ion addition.
SFG has been applied to many different interfaces,
and many macroscopic phenomena have been
explained at the molecular level; this is expected to
continue in the future. However, the wider application
of SFG vibrational spectroscopy is hindered by some
obstacles. First, some restrictions exist regarding the
selection of samples. The samples should be transparent
to IR, visible, and SFG beams to ensure the successful
input and output of the beams, such that SFG spectra
of different friction interfaces can be obtained. Another
barrier is the peaks in SFG spectra. SFG vibrational
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spectroscopy does not yet offer the same detailed and
standard spectral analysis as IR spectroscopy. However,
SFG vibrational spectroscopy will continue to contribute
positively to studies pertaining to friction-related
interfaces. Further development of laser technology
will increase the sensitivity and reliability of SFG
spectrometers. In addition, the coordination of SFG
vibrational spectroscopy and molecular dynamics
analysis presents considerable potential in revealing
friction interfaces in unprecedented detail. Many other
tools, including various spectroscopic and microscopic
techniques, can be combined with SFG vibrational
spectroscopy to compensate for the disadvantages
and restrictions imposed by the separate techniques.
We expect the applications of SFG vibrational spectroscopy to expand significantly in the future.
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